Introduction
In the automotive industry, one of the tests to sign-off a new vehicle prototype is a series of vibration tests on a hydraulic test rig. The idea is that, when the component or complete vehicle withstands the vibration test, it will not fail during its further lifetime. To make the vibration tests representative for the further lie-time of the vehicle, reference forces (called targets) are measured during a test drive on a special test track and these target signals are reproduced on the test rig. The calculation of the input signals to be sent to the hydraulic actuators of the test rig such that the measured signals on the test rig match the target signals, is a multivariable tracking problem.
Current industry practice to solve this control problem is to use an off-line iterative control process [5, 21. This paper shows that, extending the current industrial off-line iterative control scheme with a H, feedback controller, allows to reduce the required number of iterations significantly. Experimental evidence achieved on a suspension test rig is presented in support of the proposed concept.
The paper is organized as follows. Section 2 presents the currently used off-line control scheme as well as the extension with the H, feedback controller. Section 3 describes the experimental set-up. Section 4 applies the industrial offl i e control scheme to reproduce the two target signals on the test rig. Section 5 describes the design of the vertical H, feedback controller in detail. The design of the horizontal controller is completely analogue. Section 6 combines both SISO controllers and show that the combined control scheme (off-line + H-) allows to achieve the same accuracy as with the pure off-line scheme in less iterations. Section 7 summarizes the main conclusions of this paper.
Control schemes

The classically used industrial control scheme
As already mentioned, controlling test rigs is a multivariable tracking problem. Dodds [4] was the first to suggest a frequency domain approach to solve this multivariable tracking problem. Today, this approach is widely accepted and used in industry for comfort and durability tests on vehicle prototypes p]. Basically, it consists of two consecutive steps :
an FRF identification and target simulation.
FRF identification
In this phase, a non-parametric frequency domain model (Frequency Response Function or FRF) is calcul@. At each frequency w, the FRF matrix, denoted with G(jw) is estimated with the H1-estimator [l] as
with [S,,(jw) ] the estimated input-output cross-spectrum at frequency w, and [S,,(jw) 
Target simulation
The target simulation is the control process itself, which calculates the correct control input signals. which is added to u ;~ resulting in the total control input U. In the next iteration, this U is used as the control input from the previous iteration to which is added, resulting in figure 1 stress the fact that the control scheme is an off-line process.
-.L.. In the remainder of the text, the scheme of figure 1 is referred to as the 'off-line contro! scheme'. When a perfect model is available and hence G equals G, it is clear that the off-line control scheme will result in a decreasing tracking e m r and the replication of the reference signal r can he achieved with arbitrary accuracy. The true value of the off-line scheme lies in its ability to de$ with non-linear test rigs, in which case the plant model G is only a linear a p proximation of the non-linear plant G. The price to pay for this robustness is that it may require numerous iterations to achieve the required accuracy.
The extended control scheme
To reduce the number of required iterations, the control scheme of figure 2 is proposed. This scheme extends the control scheme of figure 1 with a real-time feedback loop.
In this scheme, u ;~ is calculated off-line in the same manner the new feed-forward signal u;~.
2 3 Comparison of both control schemes 131 analyzes and compares both control schemes and shows that the tracking error in the j-th iteration is govemed by following relations.
For the off-line coutrol scheme.
applies, where e' = r -yJ is the tracking ermr in the jth iteration and AG denotes a multiplicative output uncertainty 191. For the extended control scheme,
= S ( I -(~+ A G ) @ )~-~, ( 5 )
is valid. S denotes the sensitivity function of the closed loop system.
Comparing equation ( 5 ) with (4) shows the advantage of using the real-time feedback controller. In each iteration, the tracking error is multiplied with an extra factor S. When /SI is smaller than 1, the feedback controller reduces the tracking error in each iteration and as such allows to reduce the number of iterations necessary to obtain a prescribed accuracy.
Description of the test set-up
The set-up is a multivariable (2 inputs, 2 outputs) suspension test rig which allows to excite the suspension in vertical and lateral direction, cfr. figure 3. At the top, see figure 3.a.
the suspension is connected to a rigid frame; at the bottom the suspension is connected to the lower control ann, which in tum is connected via hinges to the same rigid frame. As When referring to figures 1 and 2, it is important to note that the PID controllers are part of the system G.
The 2 outputs of the system are the vertical and lateral forces, measured close to the actuators.
The targets which need to be reproduced are synthetic signals, because no forces measured during a test drive are available for that suspension. The control experiments consider the frequency band between 0 and 20 Hz. All the experiments use a sample frequency of 1000 Hz.
Iterations with off-line control scheme
This section discusses the results when applying the off-line control scheme, cfr. figure 1 and equations (2) and (3).
FRF measurement
A multisine [7] excitation is sent to both inputs. The resulting FRF, cfr. equation (l) , is shown in figure 4.
When interpreting figure 4, care needs to be taken because of the different units: the figure shows all values in dB, but in principle, they have the unit of the respective output channe1 (both: kN) divided by the unit of the respective input channel (input 1: mm, input 2 kN). This also means that a high amplitude of an element of the FRF matrix does not necessarily mean that a high coupling exists between the corresponding input and output, but can be due to the units in which the channels are expressed. The 'roughness' of the FRF is a bener indicator to identify possible coupling effects. For example, when looking at the measured FRF 65 --matrix in figure 4, it is clear that the two diagonal elements are well determined. The amplitude and phase from the FRF between input 2 and output 1 are very noisy. So there is no coupling between the horizontal input force and the measured vertical force which is, from a physical point of view, an expected result. Secondly, the FRF between input 1 and output 2 shows that there exists some, but not very high wupling between the vertical input displacement and the horizontal force. The fact that the suspension does not move on a vertical straight line, but on a slightly inclined curve explains this observation.
Non-linearitis in the system
The main source of non-linearity in the suspension is the damper. A simple sine test illustrates the non-hear behaviour. A sine with amplitude 10 mm and frequency 1 Hz excites the system. Figure 5 shows the resulting suspension force together with the vertical actuator displacement, which is directly proportional to the suspension compression.
-.
-. Figure 5 mainly shows two important effects. The hrst is that there is quite some noise on the measurement of the vertical force. Secondly, at each point in time when the displacement changes direction, i.e. when the suspension moves through an extreme position, the force drops suddenly, due to the presence of air in the damper chambers. The latter clearly is a non-linear effect.
Target simnlation
The parameten to be determined during the target simulation are the iteration gains Q J , cfr. equation (2). Following suategy has been followed 4 iterations are performed with a gain of 30% for both channels, followed by 2 iterations with 50% gain. Then, a final 7th iteration with lW% correction gain has been performed.
This strategy Ieads to the results shown in figure 6 . is the damage ratio, which is the ratio between the damage done to the suspension on the test rig on the one hand and the damage done to the suspension on the test track (during the measurement of the targets) on the other hahd. In the ideal case, the damage ratio equals 1 (equal damage).
The obtained accuracy here is satisfactory: after I iterations, the damage ratio between the target and measured response equals 0.92 for the vertical and 1.07 for the horizontal channel.
Design of feedback controller for vertical channel
This section describes the design of a H, feedback controller for the vertical channel of the suspension test rig, that is for the SISO system between input 1 and output 1. 
Identification
Controller design
The controller is designed based on the mixed sensitivity approach [91, using 2nd order weighting functions on S and T. This leads to the closed loop transfer functions shown in figure 8 . is unavoidable due to the second waterbed formula (which applies due to the presence of the RHP zeros) [9] . This concludes the design of the feedback controller for the vertical actuator. The design of the 71, controller for the horizontal axis (i.e. for the system between input 2 and output 2) is similar to that of the vertical controller and is therefore not discussed in detail here. However, the achievable performance and bandwidth without destabilizing the closed loop system is smaller than for the vertical controller.
Iterations with real-time controller
Combining the 2 S E 0 feedback controller into one diagonally structured MIMO controller and applying the combined control scheme (cfr. figure 2) leads after 3 iterations to the results shown in figure 9 . These results should be compared with the results shown in figure 6 .
To show the evolution of the tracking accuracy, figure 10 shows 100% * 11 -damageratiol as a function of the number of iterations. 
I Conclusions
The conclusions of this paper can be summarized as follows.
The experiments show that it is possible with the ex- 
